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ABSTRACT  
Investigations were conducted of farmland from the Parkes region of New South Wales, Australia, cultivated 
with genetically modified canola, involving the determination of glyphosate (N-(phosphonomethyl)glycine) 
concentrations in water and soils, and its sorption. The soils are classified as loam under the USDA system (clay 
13.8-15.8%, silt 39-43%, sand 41.2-47.2%). Firstly, a low-cost fluorometric method was developed for the 
analysis of glyphosate in waters and soils, calibrated against analytical standards and spectrophotometric and 
enzyme-linked immunosorbent assay (ELISA) methods. Soil and water samples were then collected using the 
NEPM sampling protocol into glass containers, chilled and analysed within two weeks. The samples were 
collected in multiple episodes, taking account of glyphosate and pesticide crop applications. The soil and water 
physical and chemical properties were characterised, and glyphosate levels were determined. Field 
concentrations of glyphosate ranged between 0.01 - 0.067 mg/L in water and 0.10 - 0.575 mg/kg in soil. The 
aqueous levels lie below Australian and international drinking water guidelines, but reach a Canadian freshwater 
guideline. Glyphosate levels varied with time of application and rainfall events. Glyphosate sorption isotherms 
were also constructed by batch tests on several soils, and were fitted with Freundlich and Langmuir isotherms. 
Desorption tests indicated 25% to 58% of soil glyphosate is extractable by 0.1M KH2PO4. 
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INTRODUCTION AND BACKGROUND 
 
Genetically modified (GM) foods have been commercially available since 2000 in the Australian market, when 
soybean, canola, corn and cotton were approved by Food Standards Australia and New Zealand [1] . GM canola 
was first grown commercially in New South Wales in 2008 by 108 growers, and that year around 9600 hectares 
of GM canola were planted in NSW and Victoria [2]. In 2009, the uptake of GM canola in NSW increased four-
fold and over 41,000 hectares were planted [2]. Most of these areas in NSW are planted with Roundup Ready 
canola. 93% of GM canola growers rated the weed control achieved in their Roundup Ready canola as excellent 
compared to much lower ratings for the Clearfield®, Triazine tolerant and conventional canola systems [3]. 
 
Glyphosate (N-(phosphonomethyl) glycine), a white and odourless crystalline solid, is widely used as a broad-
spectrum, non-selective, post-emergence herbicide to control a wide range of weeds. It is the active ingredient in 
several commercial products: the most well known is Roundup which is widely applied in the GM canola 
agriculture practice. Low-cost generic formulations, manufactured in China, are also widely available. 
Glyphosate is commonly used in salt form, most typically as the isopropyl amine salt. Commercial 
manufacturers often add additional components to create products that are convenient to handle, mix well with 
other agricultural products, or facilitate movement of the active ingredient into plants [4].  
 
Glyphosate is a small molecule which has three polar functional groups (carboxyl, amino and phosphonate 
groups). It is strongly sorbed by soil minerals after application [5-8] [9-11], having a usual half life of 3-174 
days on soil minerals and 5-91 days in water [12]. Sorption of glyphosate to soil usually occurs through the 
phosphonic acid group (organic compounds containing C-PO(OH)2 or C-PO(OR)2) in its phosphonate anion 
form, similarly to phosphate (PO4
3−
) in soil [5, 7, 13-15], even though the carboxylic group can also participate. 
Glyphosate soil sorption has also been interpreted by ion exchange and hydrogen bonding [16]. Previous studies 
in the literature suggest that the degree of sorption of glyphosate by soils or clays is a function of the cation 
exchange capacity (CEC), clay content [17], and concentrations of organic matter, iron and aluminium 
amorphous oxides [18]. It has been reported that glyphosate forms mono- and divalent anions which have a high 
affinity, in particular, for trivalent cations such as Al
3+
 and Fe
3+
 within the pH range 4-8 [19, 20]. As will be 
shown, the sorption characteristics of glyphosate explain its mobility in soil. Microbial biodegradation of 
glyphosate also occurs in soil, aquatic sediments and water, mainly by splitting of the C–N bond to produce 
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aminomethylphosphonic acid (AMPA), its principal degradation product [21].  
 
Owing to the widespread adoption of glyphosate in Australia over the last few years, as well as the Australian 
Government’s plans to increase cultivation of GM crops [22], there has been considerable controversy 
concerning possible impacts on the environment. An Australian health-based guideline was first scheduled for 
glyphosate in the 6th edition of the Australian Drinking Water Guidelines, of 1 mg/L glyphosate in drinking 
water [23]. The World Health Organization also calculated a human health-based criterion of 0.9 mg/L [21], 
although they did not establish a formal guideline [24]. The U.S. Environmental Protection Agency lists a 
Maximum Contaminant Level of 0.7 mg/L in its National Drinking Water Standards [25], and a Reference Dose 
of 2 mg/L (the amount which a person can consume each day over a lifetime without incurring ‘appreciable 
risk’ of negative effects) [26]. The Canadian Government has established a health-based Maximum Acceptable 
Concentration of 0.28 mg/L [27], also equal to the Livestock Water Guideline under the Canadian Water 
Quality Guidelines for the Protection of Agricultural Water Uses [28], as well as a Fresh Water Guideline of 
0.065 mg/L under the Canadian Water Quality Guidelines for the Protection of Aquatic Life [29]. 
 
AIMS 
 
The aims of this study were threefold: 
1) To establish a low-cost analytical method (direct fluorometric) for the determination of glyphosate in 
soils and/or waters, to avoid the need for prohibitively expensive analytical methods such as High 
Performance Liquid Chromatography (HPLC). The method was calibrated against and used in 
conjunction with a commercially available enzyme-linked immunosorbent assay (ELISA) method, for 
the analysis of glyphosate in waters. 
2) To conduct a case study investigation of glyphosate concentrations in soil and waters from an 
agricultural area at Parkes, NSW, used for GM canola cultivation for the last 8 years. To date, several 
previous farm-level case studies have been conducted worldwide [30-32]. Recently few case studies 
been conducted in different parts of NSW [33], but none from the Parkes region. The glyphosate 
sorption and desorption characteristics of soils from the case study site were also examined and well 
compared with another established spectrophotometric method [34]. 
3) To assess the human health and environmental impact of glyphosate due to GM cultivation at the case 
study site. 
 
ESTABLISHMENT OF ANALYTICAL METHODS 
 
Background 
 
The cost of analysis of organic contaminants in environmental samples can be very expensive: for example, 
quoted costs for laboratory analysis of glyphosate can exceed $150 for each water sample and $300 for each soil 
sample. This cost can impose major constraints on the design of monitoring studies, especially in the university 
and agricultural sectors [35]. In the last few years the development of analytical techniques for glyphosate 
quantification has increased and several alternative methods have been proposed [32, 36-39]. Most methods 
reported in the literature for quantification of glyphosate in water, soils, fruits, crops, vegetables and other 
samples are based on chromatographic separation and determination [40]. Depending on the detection 
technique, glyphosate determination usually needs a derivatisation step; for example, analysis by gas 
chromatography is performed after derivatisation of glyphosate into volatile and thermally stable derivative [41, 
42]. UV–visible and fluorescence detection methods are normally used for glyphosate derivatives in liquid 
chromatographic method [43-45]. For glyphosate quantification by LC-MS, a quite complicated derivatisation 
step has to be conducted to improve the chromatographic performance [46, 47]. Sorption of glyphosate on soils 
using 
14
C-labelled glyphosate can also be performed in laboratory experiments [48], allowing quantification of 
glyphosate at low concentrations, but requires special expensive equipment for detecting 
14
C labelled molecules. 
 
The above analytical methods for glyphosate quantification in natural samples are not only expensive but can 
involve complicated, time consuming procedures. It would therefore be useful to have a simpler and faster 
method which is also of lower cost analysis than the above-mentioned chromatographic methods.  
 
Since glyphosate does not contain chromophore or fluorophore groups, direct spectrophotometric and 
fluorometric methods can be used for its determination. Indeed, some previous studies have examined 
glyphosate quantification by UV-visible spectroscopy [34, 49, 50]. To the authors’ knowledge, a direct 
fluorometric method for determination of glyphosate has not yet been developed. A simple, fast and low cost 
fluorometric method was therefore developed for this study and is reported herein. This method was then used 
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for the determination of glyphosate herbicide in environmental samples and for the construction of sorption 
isotherms in soils. The method is based on a glyphosate quantification by direct fluorescence detection, which 
involves sample extraction, derivatisation of glyphosate using 9-fluorenyl methoxycarbonyl chloride (FMOC-
Cl), and measurement of emissions at 320 nm. The method is calibrated against analytical standards and a 
commercially available enzyme-linked immunosorbent assay (ELISA) method for the analysis of glyphosate in 
waters. A reported low-cost spectrophotometric method [34] was also developed in this study for the 
determination of glyphosate soil sorption and desorption results, which involve much higher concentrations. 
 
Fluorometric method 
 
Reagents 
 
Glyphosate (PESTANAL, analytical standard) and the derivatisation reagent, 9-fluorenyl methoxycarbonyl 
chloride (FMOC-Cl), were obtained from Fluka (Germany). HPLC grade acetonitrile and diethyl ether were 
purchased from Sigma-Aldrich Australia. All other chemicals including KCl, HCl, KOH, NaOH, disodium 
tetraborate decahydrate (Na2B4O7.10H2O), potassium phosphate monobasic (KH2P04) and diethylether were 
analytical grade. 
 
Solution 
  
Glyphosate standard solutions of various concentration (0, 0.01, 0.02, 0.05, 0.06, 0.09, 0.18, 0.2, 0.4, 0.5, 1, 2, 
2.5, 5, 10, 12, 15, 20, 22, 25 mgL
-1
) were prepared with analytical-standard glyphosate (PESTANAL, 
99.729%) using distilled water. FMOC-Cl solutions of 1 g L
-1
 were prepared by dissolving the reagent in 
acetonitrile and were always prepared just before the experiments. Buffer solution (pH =9) was prepared by 
dissolving 15.255 g of Na2B4O7.10H2O in 1000 mL of distilled water. 0.1 M EDTA solution was used for pre-
treatment of samples to correct the sensitivity of the fluorogenic reagent to divalent ions in the amino-acid 
coupling [51].  
 
Procedure 
 
The quantification of glyphosate in water was performed on samples filtered through a 0.45 µm membrane. For 
the soil samples, glyphosate was determined after extraction of 10 g of each sample with 0.1 M KH2PO4; 
agitation (15 min); centrifugation (4000 rpm; 17 min) and filtration through Whatman no.1 filter paper. The 
extraction was repeated three times on solid residue to obtain a 25 mL extract from each sample, and the 
extracts filtered (0.45 µm membrane). The derivatisation procedure performed as: 0.5 mL of borate buffer and 
0.5 mL of FMOC-Cl in acetronitrile were added to 3 mL of each sample (water sample or extract of soil 
sample). The mixture was then shaken in a mechanical shaker for 2 hours at room temperature, and the resulting 
solution mixed with 4 mL of diethyl-ether, shaken, and centrifuged at 4000 rpm for 15 min to separate diethyl-
ether from the sample. Different solvents were tested for their ability to remove excess reagent (FMOC-Cl) from 
the solution, which otherwise would have interfered with the fluorometric measurements. Diethylether gave the 
best results for efficiency and decantation facilities than CH2Cl2 [34] and ethylacetate [52]. The extraction of the 
FMOC-Cl with diethylether was performed six times to get reliable results without the interference of organic 
matter present in the samples. The aqueous phase, which contained the derivatisation product, was then 
extracted and quantified by fluorometer with a fluorescence quartz cuvette. The emission acquisition was 
recorded at 290-450 nm wavelength range, from which the emission at 320 nm was used for glyphosate 
determination. All the results were quantified after the subtraction from blank correction. The blank solution 
was prepared by treating 3 mL of distilled water with 0.5 mL of borate buffer, 0.5 mL of FMOC-Cl and 4 mL of 
diethylether, shaken and centrifuged as described above. 
 
Results 
 
Glyphosate has three chemical groups: phosphonate, amine and carboxylate. The amine group reacts with 
FMOC-Cl in acetonitrile at pH 9 which gives the derivatized glyphosate as reaction product (Fig. 1.). Several 
emission spectra obtained from the derivatized glyphosate are shown in Fig. 2 (a). The derivatized glyphosate 
has an maximum emission (cps) at 320 nm. By plotting this emission as a function of glyphosate concentration a 
linear calibration curve (Fig.2(b)) was obtained. Reliable results were obtained (Table 1) in comparison with 
ELISA and spectrophotometric method with this calibration curve over the range 0.01 mg L
-1
 and 25 mg L
-1
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Fig.1. The derivatisation reaction scheme for the fluorometric analytical method [46]. 
 
  
(a)      (b) 
Fig. 2. (a) Fluorescent emission spectra of derivatised glyphosate at different concentrations, and (b) 
constructed calibration curve at 320 nm. 
 
Table 1. Calibration of different methods for detection of glyphosate in waters 
(nd = not detected) 
 
ELISA Fluorometer Spectrophotometer 
Added 
concentration, 
mg/L 
Measured 
concentration, 
mg/L 
% 
Recovery 
Measured 
concentration, 
mg/L 
% 
Recovery 
Measured 
concentration, 
mg/L 
% 
Recovery 
0.01 0.011 105.000 nd nd nd nd 
0.02 0.022 107.500 0.021 104.500 nd nd 
0.05 0.055 110.000 0.048 96.000 nd nd 
0.06 0.064 106.670 0.057 94.170 nd nd 
0.09 0.091 100.560 0.082 91.110 nd nd 
0.1 0.093 92.500 0.113 113.000 nd nd 
0.2 0.204 102.000 0.185 92.500 nd nd 
0.5 0.515 103.000 0.478 95.500 nd nd 
1 0.980 98.000 0.945 94.500 nd nd 
2 2.040 102.000 1.865 93.250 nd nd 
5 5.070 101.400 4.580 91.600 4.905 nd 
8 8.025 100.310 7.865 98.310 7.935 97.960 
10 9.855 98.550 10.660 106.600 9.920 97.250 
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Fig. 3. Comparison of ELISA and Fluorometer results  
 
ELISA method 
 
As mentioned, an enzyme-linked immunosorbent assay (ELISA) method was used as a reference method for the 
analysis of glyphosate in waters. A Glyphosate ELISA Plate Kit was purchased from Abraxis LLC (Warminster, 
PA) and vortexing was performed using a Vortex Genie 2 (VWR international). The ELISA plate consisted of 
96 test wells for each plate and analysis was performed with a UV-visible spectrophotometer (CARRY 50) 
equipped with a 0.1 cm quartz cell. All reagents and samples (water and soil) were prepared according to the 
guideline provided with the kit [53]. The analysis procedure was performed in accordance with the kit operating 
manual [53].  
 
Results 
 
The mean absorbance value for each of the standards was obtained from the UV-visible spectrum. The 
percentage ratio of the mean absorbance value of each standard (B) to the mean absorbance value of the diluent 
(B0) was calculated and plotted against the concentration of glyphosate to obtain the five-point calibration curve 
(Fig.4.). This curve was then used to calculate the concentration of different samples (soil and water).  
 
  
 
(a)      (b) 
Fig. 4. (a) Absorption spectra of glyphosate by ELISA method at different concentrations, and (b) 
constructed calibration curve. 
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Spectrophotometric method 
 
A recent established direct spectrophotometric method [34] was also used in conjunction with the ELISA 
method for comparison with the fluorometric results. The fluorometric method shows higher precision 
compared to the spectrophotometric method for samples of lower concentration range (0.01 mg L
-1
 to 25 mg 
L
-1
). For glyphosate sorption and desorption, the spectrophometric and fluorometric methods were of 
comparable precision.  
 
 
 
(a)      (b) 
Fig. 5. (a) UV-visible absorbance spectra of derivatised glyphosate at different concentrations, and (b) 
constructed calibration curve. 
 
CASE STUDY 
Area of study 
 
For the water and soil sampling, a family-operated farm was selected in the agricultural district of Parkes, in the 
central west of NSW (Fig.6). All investigations were conducted in accordance with the consent and ethics 
approval procedures of the University of NSW.  The farmer and family have been using this land for the last 
five years for continuous cropping rotation with wheat and GM canola utilising no-till and control traffic 
management practices. They had planted over 1500 ha of GM canola in the last five years, and about 410 ha of 
GM canola in the last year. The waste associated with the application of herbicides, pesticides and fertilisers 
during the land preparation and overall growing season. The region is characterised by very slight undulations 
cut by shallow creeks. Characterisation studies found that 0.93-1.1% of organic matter is present in surface 
soils, with a pH of 4.5-5.5.  
 
Sowing event, applications and precipitations 
 
Fig. 7 shows the sowing event and the herbicide applications as well as daily rainfall during the studied period. 
Sowing of GM canola was conducted on 27/04/12; glyphosate application was performed three times before 
sowing the canola plant and another two times during the overall crop rotation. The herbicide application and 
sowing dates provided here were obtained from discussions with the farmer. Precipitation data recorded during 
the period were collected from the Bureau of Meteorology. 
 
Sample collection 
Water sampling 
 
Water samples were collected in different episodes to allow for glyphosate applications and rainfall events.  
Three sampling locations were used: location 1 (L1), adjacent to the GM canola cultivation area; location 2 
(L2), the drainage lines formed on the paddock; and location 3 (L3), at the end of the paddock where a wetland 
was formed by the water streams flowing through the cultivated area. Surface water samples were collected 
from two creeks using 50 mL clear glass vials (COSPAK) a few centimetres below the water surface, filling the 
container approximately half-full, and packed in an ice box. Sorption to glass did not appear to be an issue as 
there is no preference between collection in either glass or plastic [54] for glyphosate suggested in the literature. 
Samples were stored frozen in the dark in order to inhibit degradation [55] .  
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Fig. 6. Map of the region of GM canola cultivated area 
 
              
 
Fig. 7. Precipitation, sowing events and herbicide applications in the field (G1 to G5) and timing of 
sampling events (Episodes 1 to 4). 
 
Soil sampling 
 
A stratified sampling pattern was chosen for soil sampling as the site is very large and complexities arise for 
other sampling patterns. The sampling density was determined by the NEPM sampling schedule. Samples were 
collected from different locations at different times of the year (Episodes 1 to 5 in Fig. 6) to allow for glyphosate 
applications and rainfall events. All samples were collected from sampling depths of up to 30 cm, using the 
NEPM sampling protocol, into glass containers, chilled and analysed for glyphosate within two weeks.  
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Separate soil samples were also collected and analysed for major soil properties including texture, major cations 
and other constituents, exchangeable ions, total Fe and total Al. 
 
 
Fig. 8. Sampling details for soil samples (a) point near canola crop. (b) collecting surface soil (c) sampling 
up to 30 cm 
 
Table 2: Identification of samples taken from the study area 
 
Episode Description Month Description 
Episode 1 Before crop 
rotation 
During January Water sample from L1, L2, L3, Creek 1 and Creek 2. 
Soil sampling from different points in the paddock, Soil 1. 
Episode 2 After second 
application of 
glyphosate 
End of February Water sample from L1, L2, L3, Creek 1 and Creek 2 
Soil sampling from different points in the paddock, Soil 2. 
Episode 3 After the rainfall Beginning of 
March 
Water sample from L1, L2, L3, Creek 1 and Creek 2 
Soil sampling from different points in the paddock, Soil 3. 
Episode 4 After fourth 
application of 
glyphosate 
Middle of July Water sample from L1, L2, L3, Creek 1 and Creek 2 
Soil sampling from different points in the paddock, Soil 4. 
Episode 5 After the rainfall Beginning of 
August 
Water sample from L1, L2, L3, Creek 1 and Creek 2 
Soil sampling from different points in the paddock, Soil 4. 
 
Results 
 
The results of soil characterisation studies are shown in Table 3. The glyphosate analysis results of water and 
soil samples, showing the ELISA and direct fluorometric methods separately, are provided in Figs. 9 to 12. 
 
Table 3. Major soil properties and composition (from 3 samples). 
 
Properties Value  Properties Value 
Soil texture 
Sand (%) 41.2 - 47.2  Total Solids (%) 86.9 - 98.4 
Silt (%) 39.00 - 43.00  P-Colwell (mg/kg) 20-140 
Clay (%) 13.8 - 15.8  pH (CaCl2) 4.15 - 5.61 
Metal 
content 
 
SiO2(%) 53.799-78.333  Conductivity (µs/cm) 12.9 - 114.50 
Fe2O3(%) 5.633-17.597  Organic matter (%) 0.96 -1.5 
Al2O3(%) 9.018-14.271  Moisture Content (%) 4.37 - 19.94 
CaO(%) 0.253-9.21  CEC (mEq/100g) 3.8 - 7.5 
K2O(%) 1.808-3.554  Ex-Mg (mEq/100g) 0.36 - 1.6 
TiO2(%) 1.794-2.133  Ex-K (mEq/100g) 0.97 -1.6 
SO3(%) 0.833-0.955  Ex-Na (mEq/100g) 0.04-0.18 
MnO(%) 0.232-0.277  Ex-Al (mEq/100g) 0.06-0.25 
MoO3(%) 0.022-0.033  Ex-Ca (mEq/100g) 1.4-4 
ZnO 0.030-0.037  Aluminium (mg/kg) 11600-16500 
Rb2O 0.031-0.039  Iron (mg/kg) 18100- 21500 
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Fig. 9. Glyphosate concentration in water samples from different locations by ELISA method  
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Fig. 10. Glyphosate concentration in water samples from different locations by direct fluorometric 
method 
 
 
 
 
Fig. 11. Glyphosate concentration in soil samples from different locations b y ELISA method  
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Fig. 12. Glyphosate concentration in soil samples from different locations determined by direct 
fluorometric method. 
 
SOIL SORPTION ISOTHERMS  
 
Glyphosate sorption to soil is usually described by the sorption isotherm which is a graph of the equilibrium 
surface excess or amount of a compound adsorbed, designated by Cs, plotted against the equilibrium solution 
concentration of the compound, designated by Ceq, at fixed temperature, pressure, and solution chemistry(e.g., 
pH and ionic strength [56]. 
 
Procedure: 
The sorption isotherms were performed on three different soils from three different GM canola paddocks. The 
properties of these different soils were characterised and given in Table 4.  
 
 
Table 4: Properties of the three different soils from GM canola paddock 
Soil pH OC CEC Fe (%) Al (%) Sand (%) Silt (%) Clay (%) 
A 4.5 0.94 6.81 5.633 9.018 47.2 39 13.8 
B 4.8 1.1 7.4 17.597 14.271 43.2 29 27.8 
C 5 0.9 4.75 7.649 11.03 41.2 43 15.8 
 
Sorption isotherms were obtained by weighing 2.0 g of air dried samples of each soil into a number of 50 mL 
polypropylene centrifuge tubes. To each tube, 25 mL of 0.1 M KCl was added as a background electrolyte, and 
appropriate aliquots of standard solutions of glyphosate were added to cover the concentration range 5 ppm, 10 
ppm, 12 ppm,15 ppm,20 ppm,22 ppm and 25 ppm. Small amounts of either KOH or HCl solutions were added 
to reach a constant pH of 4.5, 4.8 and 5 for the soils A, B and C. The tubes were shaken overnight with a 
mechanical shaker to achieve equilibration. The tubes were then centrifuged at 4000 rpm for 17 min, and the 
supernatants were withdrawn for derivatisation and further analysis. The sorbed amount (Cs) was calculated 
from the difference between the initial glyphosate concentration (Ci) and the concentration remaining in the 
supernatant solution (Ce).  
 
Results 
The sorption isotherms obtained by the analysis of glyphosate by both fluorometric and spectrophotometric 
method are shown in Fig 13, based on the calibration curves respectively in Fig 2. and Fig 5.  The data were 
then fitted with both a Freundlich isotherm equation:  
 
C
S
= K
f
C
eq
1/n
 
where Kf is a constant which indicates the relative sorption capacity of the adsorbent (mg
1-(1/n)
 L
1/ n
) /kg), n is a 
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constant, as well as a Langmuir linearized equation:  
 
C
S
=
q
m
bC
eq
1+ bC
eq
  
from which: 
 
1
C
S
=
1
q
m
b
1
C
eq
+
1
q
m
  
where qm is the maximum sorption capacity (mg/kg) and b is a constant related to the free energy of sorption (L/ 
mg). The results are listed in Table 5, and the Freundlich isotherms are shown as fit curves in Fig. 13. 
 
 
 
   
     (a)         (b) 
 
 
 
Fig.13. Sorption isotherms of glyphosate on different soils (a) spectrophotometric results (b) fluorometric 
results (c) comparison of spectrophotometric and fluorometric results. Solid lines indicate fitted 
Freundlich isotherms. 
 
 
 
 
 
 
 
 
 (c) 
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Table 5. Freundlich and Langmuir constants and coefficients of determination (R
2
) for glyphosate 
sorption. 
 
Methods Soil Freundlich Model Langmuir Model 
 
Kf n R
2
 b qm R
2
 
Spectrophotometric 
A 49.967 1.61 0.9824 0.247 250 0.9849 
B 76.037 1.36 0.9743 0.167 526 0.9925 
C 40.936 1.41 0.9601 0.084 454 0.98 
Fluorometric 
A 49.11 1.59 0.9821 0.244 250 0.9833 
B 76.723 1.36 0.9714 0.147 588 0.9889 
C 39.53 1.35 0.9558 0.065 555 0.9754 
 
Desorption 
The samples of soil containing sorbed glyphosate were then subjected to desorption by using 0.1M KH2PO4 
agitation (17 min), centrifugation (4000 rpm; 10 min) and filtration trough 0.45 µm filter paper. The extraction 
was repeated twice on solid residue, obtaining a 25 ml extract from each sample. Extracts were filtered through 
0.45 µm filter. The derivatisation was then carried out using FMOC-Cl with further measurement by 
spectrophotometer and fluorometer. The results are listed in Table 6, and are also illustrated in Fig. 14. 
 
 
Table 6. Glyphosate desorption by the treatment with 0.1 M KH2PO4 
 
Glyphosate 
added, mg/L 
Percentage desorption  
(Spectrophotometric method) 
Percentage desorption  
(Fluorometric method) 
  Soil A Soil B Soil C Soil A Soil B Soil C 
5 50.893 32.687 35.082 50.717 32.622 35.314 
10 32.445 36.401 25.908 32.434 36.963 24.511 
12 27.633 35.938 30.000 28.020 36.058 29.788 
15 42.940 39.818 38.652 43.010 39.424 37.340 
20 39.615 43.695 42.014 40.157 43.285 41.357 
22 45.774 39.673 46.537 44.936 39.879 45.518 
25 41.098 34.270 44.818 40.924 34.022 43.904 
 
 
 
 
 
 
Fig.14. Desorption results of glyphosate from different soils (a) spectrophometric results (b) fluorometric 
results 
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DISCUSSION 
 
The simple, fast and low cost fluorometric method developed herein may allow others in future to conduct 
broad-scale monitoring programs to assess whether levels of herbicides such as glyphosate are increasing in 
soils and surface waters, due to the increased cultivation of genetically modified crops over the last few years in 
Australia. For example, for a sampling program involving the collection of 100 samples over the course of the 
growing season and analysis for glyphosate, use of chomatographic methods would cost about $15000, whereas 
analysis using the direct fluorometric method would cost approximately $1000. This method also provides a 
cost-effective alternative for improving temporal and spatial monitoring, which would probably allow greater 
flexibility for monitoring agencies to develop broad scale projects for determining the environmental fate and 
transport of glyphosate. 
 
As seen from the Figs 9 to 12, glyphosate concentrations in most of samples were detected by the ELISA 
method and fluorometric method. Some of the water samples, with glyphosate concentrations lower than 0.01 
µg/mL, were not detectable by the fluorometric method. The water samples collected after the rainfall event in 
March show the highest concentrations of glyphosate. This suggests the washing out of freshly applied 
glyphosate by the highly rainfall events of early March. Glyphosate concentrations in water samples collected 
after the fourth application was not so pronounced, probably due to its lower dosage and also to the lower 
intensity of preceding rainfall events. Clearly, rainfall events play a notable role, transporting newly applied 
glyphosate into surface waters through the mechanisms of dilution or drift of the surface material by runoff. 
 
For soil samples, a higher concentration was observed in the samples taken after second application of 
glyphosate (1.2 L/ha+1.5L/ha). This appears to reflect the applied doses in each case, as well as lower rainfall 
events.sThe samples collected after the rainfall event in March showed a decline in glyphosate concentration. It 
is also pointed out that the samples collected before the crop rotation showed some base level glyphosate 
concentration which could be related to the higher dose of herbicide applications conducted before crop rotation 
and sowing started, which were usually done to wash the herbicide and prepare the land for cultivation. 
 
Results of glyphosate sorption measured by spectrophometric and fluorometric determination on the three soils 
at the different concentrations showed that the sorbed herbicide decreased in the order B>A>C for both cases. 
From Table 4, the order of sorption is approximately parallel to the content of iron and aluminium present in the 
soils, suggesting strong sorption of glyphosate through a ligand exchange mechanism. Based on soil 
concentrations Cs in mg/kg and aqueous concentrations Ce in mg/L, Freundlich isotherms Cs = Kf Ce
1/n
 , fitted 
the data well, with (diminishing) exponents n = 1.35–1.61 and coefficients Kf = 39.53–76.723 ((mg
1-(1/n)
 L
1/ n
) 
/kg)) (R
2
 0.9588–0.9824). In case of Langmuir isotherm the values for the maximum sorption constants b and qm 
ranged between 0.065-0.247 and 250-588 respectively.  
 
The glyphosate desorption results for the three soils after 0.1 M KH2PO4 treatment indicates 24.5% to 50.8% of 
soil glyphosate is extractable by 0.1M KH2PO4  (Table 6 and Fig.14).  
 
ENVIRONMENTAL IMPACT 
 
Glyphosate concentrations in waters ranged from 0.010 to 0.067 mg/L and in the soil samples 0.1 mg/kg to 
0.575 mg/kg. In accordance with the standard value of glyphosate concentration (1 mg/L) provided by the 
Australian Drinking Water Guideline [23] this study reveals glyphosate levels within the human health based 
limits. However, they approach the Canadian Water Quality Guidelines for the Protection of Aquatic Life, of 
0.065 mg/L. The data therefore suggest the need for widespread monitoring of glyphosate, especially in the 
areas of genetically modified crops cultivation, to better assess its human health and environmental impacts.  
 
An increase in broad-scale glyphosate monitoring is also suggested by recent developments in Australian and 
state government policies to encourage the use of biofuels. In Australia, biofuel production increased from 
2009–10 to 2010–11, continuing the trend of recent years [57]. Australian biofuel production reached a total of 
419 mega litres (ML) in 2010–11; this was an increase from 354 ML in 2009–10. Ethanol production increased 
from 269 ML to 319 ML and biodiesel production increased from 85 ML to 100 ML [58]. In Canada, the federal 
government projected ethanol production growing from 42 million litres in 2006 to approximately 799 million 
litres by 2010 [59]. In United States the target production of 35 billion gallons of renewable fuel by 2017 has led 
to an increase in ethanol production [60] and in 2006 ethanol was accounted for 3.5% of the total U.S. fuel 
consumption. About 98% of the all U.S. ethanol production is corn based which is gradually accomplished by 
converting the existing cropland to corn and willingly planting corn in consecutive growing seasons rather than 
following a different crop rotation plan. Furthermore the farmers are relying on different pesticides and 
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genetically modified varieties of corn for protecting their crops against large scale crop failure, which are 
closely related to RoundUp Ready crops  
 
CONCLUSIONS 
 
A simple, fast and low cost fluorometric method has been developed for the determination of glyphosate 
herbicide in environmental and biological samples which was also used to perform sorption isotherms on 
different soils from Parkes, NSW. Glyphosate was satisfactorily determined with the lower detection limit of 
0.01 µg/mL. The investigated method was applied successfully to environmental samples, with recovery values 
of 91.11 to 113% and 92.50 to 110% for the fluorometric and ELISA methods respectively.  
 
A case study investigation was conducted of farmland from the Parkes region of New South Wales, Australia, 
cultivated with genetically modified canola, involving the determination of glyphosate 
(N-(phosphonomethyl)glycine) concentrations in water and soils, and its sorption. The soils are classified as 
loam under the USDA system (clay 13.8-15.8%, silt 39-43%, sand 41.2-47.2%). Soil and water samples were 
then collected using the NEPM sampling protocol into glass containers, chilled and analysed within two weeks. 
The samples were collected in multiple episodes, taking account of glyphosate and pesticide crop applications. 
The soil and water physical and chemical properties were characterised, and glyphosate levels were analysed by 
fluorometric and ELISA methods. Field concentrations of glyphosate in water ranged between 0.01 - 0.067 
mg/L and in soil between 0.10 - 0.575 mg/kg. The aqueous levels lie below Australian and international 
drinking water guidelines, but reach a Canadian freshwater guideline. Glyphosate levels varied with time of 
application and rainfall events. Glyphosate sorption isotherms were also constructed by batch tests on several 
soils, and were fitted with Freundlich and Langmuir isotherms. Desorption tests indicated 25% to 58% of soil 
glyphosate is extractable by 0.1M KH2PO4. 
 
Work is now underway on leachate trials of glyphosate in soils from the case study site, including the effects of 
dissolved phosphorus, pH and background electrolyte. 
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